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 
Abstract—Molecular communication is an emerging 
paradigm that enables both the biological and synthetic 
nanomachines to communicate with each other within an 
aqueous biological environment such as the communication 
between living cells. Prediction of the number of drug 
molecules near a target site, e.g., tumor cells, is very important 
for determining the required drug dosages to increase positive 
therapeutic outcomes. In this paper, we derive an analytical 
expression for the received molecular signal in a multilayer 
biological environment. We also present development of 
particle-based simulator and the analytical results for three-
layer biological medium compared well with the simulation 
results. The effect of the diffusion coefficient and the separation 
distance between the transmitter and the receiver (e.g., targeted 
cells) are examined.  
 
Keywords—drug delivery; diffusion; multilayer; Molecular 
communication. 
I. INTRODUCTION 
Molecular communication (MC) is a new communication 
paradigm in which the chemical molecules such as drug 
molecules diffuse through an aqueous environment inside a 
human body to perform a specific action at any target site 
[1]. It is highly appropriate for certain biomedical 
applications, where the use of electromagnetic (EM) waves 
is neither possible nor desirable [1]-[2]. In particular, the 
molecular communication via diffusion (MCvD) is a simple 
method, which does not require additional infrastructure or 
external energy. In this, the released molecules by the 
transmitter diffuse in any arbitrary direction through the 
biological medium following the Brownian motion to reach 
a  receiver [3]-[4].  
 
In molecular communication by diffusion, the chemical 
molecules, such as proteins and ions, that contain 
information are released by a transmitter nano-machine (TN) 
(e.g., drug delivery device, injection) which then  diffuse 
thorough the biological environment (e.g., blood vessels, 
tissues) until they reach the target site to be received by a 
receiving nano-machine (RN) (e.g., tumor cells etc.,). 
Hence, the biological medium acts like a communication 
channel and therefore, modelling of the molecular 
communication channel between the TN and RN assumes 
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greater importance in applications such as targeted drug 
delivery systems (DDS) etc. This helps in the prediction of 
the received molecular signal (i.e., number of molecules) 
near the target cells in order to specify the desired amount of 
drug dosage over time as well as to ensure that the drug 
concentration does not reach toxic levels within the body 
[5]-[6]. Molecular communication can also help to improve 
the efficacy of therapy via  targeted drug delivery [3].  
 
There are numerous studies on molecular communication 
channel in the literature, [7]-[10], but most of them 
approximate the molecular environment as a single 
homogeneous region with constant diffusion coefficient. 
There are some other works [11]-[12] which consider the 
multilayer molecular medium but only to calculate the 
average effective diffusion coefficient. Then, the diffusion 
coefficients of each of the multiple layers are replaced by the 
average effective diffusion coefficient which then is 
substituted into the well-known expression for molecular 
concentration of a single layer medium. However, such 
average diffusion coefficient is only valid when the diffusion 
happens along a single axis i.e., one-directional (1-D) 
diffusion. Also, the averaging model is applicable only 
under steady state conditions when the time derivative of 
molecular concentration equals to zero [13]. It cannot 
accurately model any the actual multilayer biological 
environment particularly under transient conditions. Inside 
the human biological environment, many regions with 
different diffusive properties may exist.  Each such region 
can be considered to be a separate layer with distinct 
diffusion coefficient and thickness. Some of the examples 
for such multilayer biological media include transport of 
drugs across the blood-brain barrier [14] and release of drugs 
from Drug-Eluting Stent (DES) thorough the layers of 
coronary artery, i.e., the tunica intima, the tunica media, and 
the tunica adventitia layers [15]. 
 
In this paper, we propose a multilayer channel model for 
molecular communication via diffusion (MCvD) systems. 
Our model considers diffusion along any arbitrary direction 
(3-D) under transient conditions and we derive an analytical 
expression for the molecular received signal. Furthermore, 
we also introduce a particle-based simulator for MCvD 
under multilayer environment for verification with the 
analytical results. The effect of system parameters, e.g., 
diffusion coefficients and the separation distance between 
TN and RN, on the received signal are examined. To the best 
of our knowledge, this is the first work in literature that 
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consider modelling the transient, MCvD systems with 
multiple distinct layers. 
 
The rest of this paper is organized as follows. In section 
II, the system model and the expected received signal, i.e., 
number of received molecules, for the molecular 
communication system of multilayer biological environment 
are presented. The analytical and simulation results for 
three-layer biological environment and for various values of 
system parameters are discussed in section III. Finally, the 
conclusions of our work are highlighted in section IV. 
 
II. SYSTEM MODEL 
In this work, we consider a point-like transmitting nano-
machine (TN) located at any point (x0, y0, z0) and releases 
„M‟ chemical drug molecules instantaneously into an 
isotropic biological environment at time t=0. The released 
molecules diffuse independently in all directions (3-D 
diffusion) within the biological propagation environment 
following Brownian motion to reach the receiving nano-
machine (RN), which is located at a general targeted 
position (x, y, z).  
 
The biological environment is assumed to be composed of 
„N‟ layers (regions) each layer with distinct diffusion 
properties Di and different thickness Li. Also, it is assumed 
that the TN is located in the first layer while the RN is 
located in the last layer as shown in Fig. 1. Each layer in the 
biological environment is assumed to be isotropic, i.e., the 
diffusion properties to be identical in any direction. We 
assume that the interfaces between layers are fully 
permeable where the molecules can move across the 
interfaces without any physical or chemical reactions i.e., the 
permeability coefficient has very large value. In addition, we 
assume that the diffusion is symmetrical (radially) around 
the x-axis assuming a cylindrical coordinate system. 
 
 
Fig. 1. MCvD model for multilayer biological environment.  
 
Mathematically, the diffusion of molecules that happen 
independent of each other in a biological medium, is 
described by Fick‟s second law of diffusion given by [13]  
 
            
  
    
                       
 
where, Ci(x,y,z,t) is the molecular concentration in (mol/m
3
)  
at position (x, y, z) and at time t in i
th
 layer, and  2 is the 
Laplacian operator. 
 
 The parameter Di is the diffusion coefficient of i
th
 layer in 
(m
2
/s) given by Stokes–Einstein equation as 
 
   
     
        
           
where,   is the Boltzmann constant,    is the absolute 
temperature in (Kelvin),    is the dynamic viscosity constant 
of i
th
 layer, and   is the hydraulic radius of the information 
molecules [10], and i=1,2,…,N. 
 
The TN release “M” molecules instantaneously at a time 
t=0 and at a position (x0, y0, z0) in layer-1 represents the 
initial condition, which is used for solving the diffusion 
equation (1).  
 
The total solution of the diffusion equation (1) with the 
boundary conditions at the interfaces can be  expressed as a 
superposition of two functions in Laplace domain [16]: 
 
                                                   
   
where,      is the Laplace transform operator,           
is the Laplace transform of          ,            is the 
Laplace transform of            , and    is the Kronecker 
Delta function given as  
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The function            is the molecular concentration 
in an isotropic and unbounded medium, i.e., the collisions 
within the boundaries are elastic. It can be obtained by 
solving the following diffusion equation, initial condition, 
and boundary conditions: 
 
           
  
                         
                                                
   
         
                              
where,      is the Dirac delta function. 
 
 The initial condition (6) represents the impulsive emission 
of the information molecules by TN at a position (x0, y0, z0) 
and at a time    , and the boundary condition (7) 
characterizes the boundary condition at the infinity, where 
the concentration vanishes. 
 
 The solution of diffusion equation (5) under the conditions 
(6)-(7) predict the molecule concentration at location 
        and at time   due to molecular diffusion of initially 
emitted molecules at location            and at time   . 
This has been widely reported and used in the literature but 
this is valid only for unbounded medium of a single layer 
(region) and is given as follows [9], 
  
 
           
 
         
  
      
        
        
 
          
where,   is the diffusion coefficient of a single layer (Layer-
1). 
 
The molecular concentration            is a spatiotemporal 
function of  both time and distance between transmitter and 
receiver given by           
        
        
 .  
 
For multilayer medium, the function             is the 
solution of the diffusion equation in a cylindrical coordinate 
system that vanishes at t=0, which when it added to (8), 
satisfies the boundary conditions at the interfaces between 
layers. The solution requires the inverse Laplace transform 
of (3) which can be numerically evaluated using Zakian 
numerical inversion technique [17]. The received signal, 
which is nothing but the number of received molecules, is 
equal to the molecular concentration multiplied by both the 
volume of receiver and number of emitted molecules given 
by 
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where, V is the volume of the spherical receiver, J0(.) is the 
Bessel function of the first kind of order zero,         is a 
function that can be obtained by applying the boundary 
conditions at the interfaces, the radial distance   
√      
        
 ,        ⁄   and the complex 
constants, K(n) and a(n), are listed in Table I [17]. The 
expression (9) has been evaluated numerically using 
MATLAB and accurate numerical results are obtained.  
 
Table I. Complex constants for Zakian method [17]. 
 





















III. NUMERICAL AND SIMULATION RESULTS 
In this section, analytical results, derived in section II, are 
evaluated numerically and compared with simulation results, 
obtained via a particle-based simulator for MCvD, which has 
been implemented in MATLAB. The comparison of results 
indicate good agreement between simulation and analytical 
results. For these, we have consider a 3-D diffusion and 
heterogeneous biological environment with three-layers each 
layer having different thickness and diffusion properties. For 
the three layers, the chosen parameters for diffusion 








L2=10 m, and L3=5mm. The first and third layers have 
larger thickness (in millimeter range) when compared to the 
middle layer which allows us to approximate the first and 
third layers to be unbounded regions when compared with 
the middle layer. The simulation parameter are chosen as 
follows (unless stated otherwise): simulation time T=4s, 
time step         , number of released molecules 
M=10
5
, number of iterations 100, TN located at 
                     m, RN located at         
           m, and the radius of RN  is 2 m.  
 
We developed a particle-based simulator and 
implemented in MATLAB, where the total simulation time 
T is divided into many small-time steps   . In this 
simulation, the positions of information molecules in the 
environment are tracked at each time step and their  
positions are  updated via random displacements over each 
spatial axis following the normal distribution        with 
zero-mean and variance        . When the molecules 
enter a new layer, they will diffuse using the diffusion 
coefficient of that layer. The receiver is  assumed to have the 
capability of counting number of received molecules at the 
end of each simulation step and the receiver counter 
increased by one when each molecule enters the sensing 
region of the receiver.    
 
 
Fig. 2. The received signal as a function of time for different 
separation distances “d” between TN and RN. 
 
Fig.2 shows the effect of the separation distance between 
TN and RN on the received molecular signal (i.e., number of 
received molecules) in three-layer MCvD environment. As 
shown in the figure, the received signal amplitude initially 
shows an increasing trend with time until it reaches the peak 
value. The time at which peak amplitude occurs is denoted 
as peak time which is one of the metrics used for 
characterization. Then, after the peak time, the amplitude 
starts decreasing. The received signal (including the peak 
amplitude) decreases with the increasing distance between 
the TN and RN while the peak time increases. This is due to 
fewer number of molecules reaching the RN with the 
  
increase in the separation distance between TN and RN. The 
peak time increases because the molecules will take longer 
time to reach the RN. When average diffusion coefficient for 
multilayer diffusion is employed [11]-[12], we can observe 
the larger deviation of the received signal from the actual 
received signal derived analytically for a three-layer MCvD 
medium. This shows that the averaging approach can‟t 
predict the amplitude and time characteristics of the 
molecular received signal accurately in a multilayer MCvD 
medium . However, the analytical results obtained using (9) 
agree well with the simulation results obtained using our 
particle-based simulator. 
 
The received molecular signal as a function of time is 
shown in Fig. 3 as the diffusion coefficient value of layer-2 
is varied. The received signal (include the peak amplitude) 
increases with the corresponding increase in D2 while the 
peak time decreases. This is due to fact that the molecules 
entering layer-2 from TN (which is placed in layer-1) will 
move faster and thus raising their probability of visiting 
layer-3 (where the target site located) within a shorter time 
as the diffusion coefficient D2 increases. Thus, potentially 
larger portion of molecules from layer-2 will move to layer-
3 to reach the target site faster when D2 increases. This is the 
reason why in this case, we obtain larger amplitude and 
shorter peak time. However, after a specific time as seen in 
Figs. (2)-(3), the received signals tend to converge to a 
constant value irrespective of the choice of the simulation 
parameters. This may be due to the molecules moving far 
away from the RN with increasing time and thus only a few 
number of molecules left to contribute to the received signal. 
Thus, in this case, the other system parameters have 
negligible effect on the received signal.   
 
 
Fig. 3. The received signal as a function of time for various 
values of the diffusion coefficient D2.  
IV. CONCLUSION 
In this work, we have proposed analytical channel model 
for predicting the molecular concentration in the vicinity of a 
target site i.e, the receiver, in a multilayered biological 
environment. Also, we developed a particle-based simulator 
for molecular communication (MCvD) in a multilayer 
environment. The simulation results agree closely with the 
analytical results, for a three-layer environment. We have 
also examined the effects of some key parameters, viz., the 
diffusion coefficient and separation distance between 
transmitter and receiver, on the received signal.  
 
Moreover, it is shown that the effective averaging 
approach for multilayer medium available in the literature 
[11]-[12] fails to model the multilayer molecular 
communication environment accurately. The proposed 
model has important applications in biomedical engineering, 
particularly, in the design of future targeted drug delivery 
system where it can be used for predicting the actual drug 
concentration around the target site. However, this model 
can also be used for other applications of molecular 
diffusion in multilayer medium. 
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